ARMY RESEARCH LABORATORY m

Nondestructive Damage Characterization of
Alumina Ceramics

by Raymond E. Brennan, James M. Sands, William H. Green, and Jian H. Yu

ARL-TR-4895 July 2009

Approved for public release; distribution is unlimited.



NOTICES

Disclaimers

The findings in this report are not to be construed as an official Department of the Army position unless
so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the
use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



Army Research Laboratory
Aberdeen Proving Ground, MD 21005-5069

ARL-TR-4895 July 2009

Nondestructive Damage Characterization of
Alumina Ceramics

Raymond E. Brennan
Oak Ridge Associated Universities

James M. Sands and William H. Green
Weapons and Materials Research Directorate, ARL

Jian H. Yu
Oak Ridge Institute for Science and Education

Approved for public release; distribution is unlimited.
]



Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
July 2009 Final

3. DATES COVERED (From - To)
January 2008—-August 2008

4. TITLE AND SUBTITLE
Nondestructive Damage Characterization of Alumina Ceramics

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

5d. PROJECT NUMBER
622618AHS80

6. AUTHOR(S)
Raymond E. Brennan,” James M. Sands, William H. Green, and Jian H. Yu"

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
U.S. Army Research Laboratory

ATTN: RDRL-WMM-D

Aberdeen Proving Ground, MD 21005-5069

8. PERFORMING ORGANIZATION
REPORT NUMBER

ARL-TR-4895

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

“0Oak Ridge Associated Universities/Oak Ridge Institute for Science and Education, 4692 Millenium Drive, Ste. 101, Belcamp,
MD 21017

14. ABSTRACT

A qualitative evaluation of surface and bulk damage and a quantitative percent damage assessment were used to compare the
integrity of several nondestructive characterization techniques. X-ray digital radiography and ultrasound C-scan imaging were
compared for their ability to detect damage in aluminum-backed alumina test samples. Incremental damage was produced by
two different methods, including high-mass, low-velocity drop tower testing for large crack and low mass generation, and high-
velocity fragment-simulating projectile testing for hairline crack generation. Surface damage was analyzed by visual inspection
as a baseline before utilizing digital radiography and C-scan imaging. While both nondestructive techniques were able to detect
the full extent of surface damage, C-scan imaging was more effective at detecting internal damage in the alumina samples,
finding a significant number of cracks that were not detected through digital radiography. A corresponding assessment of a
guantitative damage percent revealed higher and more accurate values from the C-scan images as compared to the digital
radiography images due to the increased detection of bulk damage.

15. SUBJECT TERMS
impact testing, impact damage, ultrasound, digital radiography

17. LIMITATION | 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
16. SECURITY CLASSIFICATION OF: OF ABSTRACT OF PAGES Raymond E. Brennan
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
Unclassified Unclassified Unclassified uu 36 410-306-0878

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. 239.18




Contents

List of Figures

List of Tables

1. Introduction

2. Experimental Test Specimens and Procedure

3. Drop Tower Testing Results

4. FSP Testing Results

5. Digital Radiography Imaging
5.1 Drop TOWEr TSt SAMPIES ......c.eoiiieieieiitiieseee e
5.2 FSP TSt SAMPIES.....eeiiieiiiieiiee ettt e st e esne e reenee e

6. Ultrasound C-Scan Imaging
6.1 Drop TOWEr TeSt SAMPIES.....ccueiieiieiece e e
6.2 FSP TSt SAMPIES......oiiiiiiiieiiee ettt re e e

7. Comparison of NDE Methods and Visual Inspection

8. Comparison of Drop Tower Testing and FSP Testing

9. Conclusions

10. References

Distribution List

16

22

23

24

26



List of Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.

Schematic Of FSP teStING SEIUP. ..vevveiiiiiiiie e
Relationship between impact velocity and initial energy during drop tower testing. ...
Digital imaging of drop-tower-tested samples for visual inspection..............c.cc.cvvnene
Relationship between impact velocity and initial energy during FSP testing. ..............
Digital imaging of FSP-tested samples for visual inSpection............c.ccccvvvevevivevnennnnn
X-ray DR of drop-tower-tested samples for NDE..........c.ccccooeivieviiic e
X-ray DR of FSP-tested samples for NDE. ..o s
UT C-scan imaging of drop-tower-tested samples for NDE............c.ccccevvveiieeiicinnenn,
Grayscale drop tower C-scan imaging for quantitative damage assessment.................
UT C-scan imaging of FSP-tested samples for NDE. .........ccccccovvvieiiveiese e
Grayscale FSP test C-scan imaging for quantitative damage assessment...................
Comparison of visual inspection (left), DR (center), and UT (right) for sample A. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample B. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample C. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample D. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample E. ...
Comparison of visual inspection (left), DR (center), and UT (right) for sample F.....
Comparison of visual inspection (left), DR (center), and UT (right) for sample G. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample H. ..
Comparison of visual inspection (left), DR (center), and UT (right) for sample I......

4
)

i

13

16
17

17
18
18
18

19
19

19
.20



List of Tables

Table 1. Full drop tower test parameters and fracture results...........ccccooveeviiiiii i, 3
Table 2. Full FSP test parameters and fracture reSultS..........cccooveviiiiiiiii i, 4
Table 3. Selected drop tower test parameters and quantitative damage results. ...........c.cc.cceveee. 10
Table 4. Selected drop tower test parameters and quantitative damage results. .........c.ccccccveueenee. 12



INTENTIONALLY LEFT BLANK.

Vi



1. Introduction

It is a common practice in ballistic testing of armor materials to overmatch the test samples in
order to determine the limits of their performance (1-12). The main goals of this work were to
produce incremental levels of damage in armor ceramics using quasi-static methods and to
characterize and compare the resulting damage using nondestructive means. Fracture of alumina
structural armor ceramics was studied to determine the velocity and energy conditions under
which different levels of damage were produced. The purpose of determining damage data, both
qualitative and quantitative, was to gain a better understanding of the impact behavior of
structural armor ceramics, which could also be used to provide input to impact and ballistic
damage models.

Alumina test specimens were damaged by impact using two different quasi-static methods: drop
tower testing and fragment-simulating projectile (FSP) testing. For drop tower testing, a high-
mass indenter was used for low-impact velocity testing (13). By altering the drop tower height
and the velocity and energy conditions, parameters that caused fracture were determined (13).
For FSP testing, a low-mass projectile was utilized at high-impact velocities to determine the
conditions that caused fracture. The two methods were chosen to compare relatively higher-
mass, lower-velocity drop tower data to lower-mass, higher-velocity FSP data. The damage
caused by these low- and high-velocity techniques was analyzed using nondestructive evaluation
(NDE) methods.

Damage was determined by visually inspecting surface damage as well as using NDE methods
including ultrasound (UT) testing and digital radiography (DR). A quantitative damage
assessment comparing visual and nondestructive inspection was used to distinguish surface and
bulk damage. The NDE methods were also compared to determine the effectiveness of bulk
damage detection.

X-ray DR is a two-dimensional (2-D) projection radiology technique in the same category as
film radiography and real-time radiography (14-16). Compared to other radiology techniques,
DR has a significantly higher dynamic range and is able to produce digital images of the test
specimens (14-16). These digital images can be enhanced, analyzed, compressed, archived,
input as data to performance calculations, compared with digital data from other NDE
modalities, or transmitted to other locations for remote viewing.

UT NDE uses the transmission of acoustic waves to nondestructively characterize a test
specimen (17-19). Wave reflection is caused by acoustic impedance mismatch, which occurs at
material boundaries (17-19). This can aid in detecting defects such as pores and inclusions. For
C-scan imaging, an ultrasonic transducer is rastered over the desired sample area, and the
collected signals from the A-scans, or amplitude scans, are assigned to x and y coordinates. The



changes in gated, or selected, reflected amplitude signals are evaluated. In this study, the bottom
surface reflected signal was gated to study variations and look for distributed effects of
inhomogeneities in the bulk of each sample. The reflected signal amplitude data, given in
millivolts (mV), represented signal gain while the attenuation, given in decibels (dB),
represented signal loss. These values were assigned to a color scale or gray scale that
represented amplitude changes over the gated regions. The data were mapped according to the
assigned scales and the x and y coordinates to produce bulk image maps of the samples. DR and
UT C-scan imaging are complementary techniques that are capable of producing 2-D image
maps of bulk features within a sample.

2. Experimental Test Specimens and Procedure

The samples used in this study were CoorsTek AD995 Al,Os tiles (12.7 mm thick, 101.6 x

101.6 mm) adhesively bonded to aluminum backing plates (3.17 mm thick, 101.6 x 101.6 mm),
Al 5083, which were used for structural support. They were made using a manual process in
which a 2.5-mm-thick layer of GE Silicones SCS1000 sealant was applied to the backing layer
and bonded to the ceramic tile. The bonding procedure utilized consistent application of the
adhesive at a constant pressure (weight) to bond the backing plate to the ceramic during the 48-hr
cure time. A total of 40 samples were fabricated.

Drop tower testing was conducted on samples 1-31 using an Instron Dynatup Model 8200
Impact Test Instrument. The instrument was utilized for high-mass drop weight impact testing
with a 12.7-mm-diameter, high-strength steel hemispherical indenter (13). A 1077-g lead weight
was added to the drop weight assembly, which included a 783-g, 10-kip, 7507 Charpy tup, a
1985-g frame, a 362-g front panel, a 362-g back panel, and various nuts and bolts, for a total
drop weight of 3735 g. The initial drop heights covered a wide range, from 127 mm up to

1016 mm, where 1016 mm was the maximum height of the test instrument. The impact energies
ranged from 4.57 J at a drop height of 127 mm to 37.19 J at a drop height of 1016 mm.
Subsequent drop tests focused on a narrow transition height range between 419.1 and 469.9 mm,
and a broader range between 508 and 932.2 mm that was used to test repeatability. The drop
height, impact velocity, impact energy, and fracture results for each trial are listed in table 1.

FSP testing was conducted on samples 32—-40 using 0.22-cal. (~1.1-g) steel (4337H or 4340H)
projectiles to impact the tiles. The samples were mounted on a heavy steel frame. Each FSP was
launched from a pneumatic launcher at high velocity. A Phantom v7 (Vision Research) high-
speed camera was set up at 90° to the FSP path to record the impact on the tile. The target area
was illuminated by using a high-intensity halogen lamp for backlighting and a diffuser to spread
out the light intensity. The focal length and the f-stop of the camera lens were 70 mm and /8,
respectively. The exposure time was 2 ps at 25,000 frames/s, and the resolution was 256 x 256



Table 1. Full drop tower test parameters and fracture results.

Sample Drop Height Impact Velocity Total Energy Fracture
(mm) (m/s) Q)

1 127.0 1.56 4,57 No
2 203.2 1.98 7.31 No
3 279.4 2.33 10.16 No
4 (A) 355.6 2.58 12.45 No
5 419.1 2.81 14.78 No
6 431.8 2.90 15.66 No
7(B) 431.8 2.88 15.50 No
8(C) 431.8 2.87 15.40 Yes
9 431.8 2.86 15.24 Yes
10 438.2 2.92 15.92 No
11 444.5 2.91 15.82 Yes
12 444.5 2.91 15.82 Yes
13 4445 2.90 15.75 No
14 450.8 2.94 16.19 No
15 457.2 2.97 16.50 Yes
16 457.2 2.96 16.36 Yes
17 469.9 3.01 16.87 Yes
18 469.9 2.99 16.70 Yes
19 508.0 3.14 18.37 Yes
20 508.0 3.11 18.02 Yes
21 591.8 3.38 21.30 Yes
22 (D) 591.8 3.38 21.38 Yes
23 678.18 3.61 24.36 Yes
24 678.18 3.62 24.45 Yes
25 (E) 762.0 3.82 27.24 Yes
26 762.0 3.83 27.37 Yes
27 845.8 4.06 30.78 Yes
28 845.8 4.04 30.51 Yes
29 932.2 4.26 33.91 Yes
30 932.2 4.24 33.62 Yes
31 1016.0 4.46 37.19 Yes

pixels. The camera was used to measure the impact velocity. A schematic of the FSP impact
testing setup is shown in figure 1. A total of 16 shots were taken on the set of nine samples at
velocities ranging from 157.89 to 523.04 m/s. The corresponding impact energies ranged from
13.71 to 150.46 J. The impact velocity, impact energy, and fracture results for each trial are
listed in table 2.

After completing the drop tower and FSP test trials under various conditions, visual inspection
was conducted by acquiring digital images of the sample surfaces. Projection DR was performed
through the thickness of selected samples using a computed tomography system with a 420 kVP
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Figure 1. Schematic of FSP testing setup.

Table 2. Full FSP test parameters and fracture results.

Sample Shot Impact Velocity | Total Energy Fracture
(m/s) Q)

32 (F) 1 157.89 13.71 No
32 (F) 2 192.02 20.28 No
37 1 213.97 25.18 No
37 2 252.98 35.20 No
33(G) 1 253.90 35.46 No
32 (F) 3 277.06 42.22 Yes
33(G) 2 281.03 43.44 No
33 (G) 3 289.86 46.21 Yes
37 3 299.92 49.48 No
40 1 314.86 54.53 Yes
39 1 321.87 56.98 Yes
38 1 335.89 62.05 Yes
37 4 346.86 66.17 Yes
36 1 346.86 66.17 Yes
35(1) 1 420.01 97.03 Yes
34 (H) 1 523.04 150.46 Yes

x-ray source and a 512 element linear detector array. The tube energy and current used were

400 keV and 2.0 mA, respectively, and the focal spot was 0.80 mm. The source-to-image
distance and source-to-object distance were 940 and 750 mm, respectively. UT testing was
conducted using a 15-MHz longitudinal transducer with a water immersion testing setup. The
reflected signal amplitude values from the bottom surfaces of each Al,O3 ceramic were measured

to produce C-scan image maps through the bulk of selected samples.




3. Drop Tower Testing Results

After completing drop tower testing on samples 1-31, the data was collected (table 1) and
analyzed for further evaluation. The data indicated that a transition from nonfractured to
fractured samples occurred at an approximate range of 15.24 to 16.19 J, which corresponded to
drop heights between 431.8 and 450.8 mm. This is graphically depicted in figure 2, in which the
impact velocities are plotted against the impact energies. In this graph, the blue symbols
represent nonfractured samples, and the red symbols represent fractured samples. The circled
threshold region in the figure, containing both fractured and nonfractured samples, indicates that
no samples tested at impact velocities below 2.86 m/s were fractured, and all samples tested at
impact velocities above 2.94 m/s were fractured. While the high-strength steel indenter did not
deform during the impact event, higher-impact energy resulted in higher rebound. In the
fractured samples, the surface cracks produced by indenter impact were wide enough to make
them easily visible. These cracks appeared to penetrate through the thickness of the samples and
extend out to the edges. The indenter also produced a cratered impact region in the fractured
samples. With increasing impact energy, the number of surface cracks and the size of the impact
craters appeared to increase.
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Figure 2. Relationship between impact velocity and initial energy during drop tower testing.



A more detailed description of drop tower testing for samples A, B, C, D, and E (table 1), which
were selected for further NDE, is provided. While there was a small mark on sample A (tested at
355.6 mm) where the high-strength steel indenter impacted the sample surface, there were no
signs of cracking. As in the general sample trends, drop tower testing at heights above 431.8 mm
fractured samples D and E, which were tested at 591.8 and 762.0 mm, respectively. However,
the test conditions for samples B and C, which were both tested at a drop height of 431.8 mm,
fell within the threshold region, as shown in figure 2. Within this threshold region,
approximately half of the samples fractured while the other half did not. This trend was
consistent for samples B and C, as sample C fractured while sample B did not. The impact
velocities and impact energies varied slightly for sample B at 2.88 m/s and 15.50 J when
compared to sample C at 2.87 m/s and 15.40 J.

Digital surface images of samples A, B, C, D, and E were acquired for visual inspection, as
shown in figure 3. Samples A and B showed small marks where impact occurred but did not
cause fracture, while samples C, D, and E showed fracture origins and resulting crack patterns in
the impact regions.

A

25 mm -

C D
N

Figure 3. Digital imaging of drop-tower-tested samples for visual inspection.




4. FSP Testing Results

After completing FSP testing on samples 32—40, the data was collected (table 2) and analyzed for
further evaluation. The data indicated that a transition from nonfractured to fractured samples
occurred in an approximate range of 40.67 to 54.23 J. This is graphically depicted in figure 4, in
which the impact velocities are plotted against the impact energies. In this graph, the blue
symbols represent nonfractured samples, and the red symbols represent fractured samples. The
circled threshold region in the figure, containing both fractured and nonfractured samples,
indicates that no samples tested at impact velocities below 274.32 m/s were fractured, and all
samples tested at impact velocities above 281.94 m/s were fractured. The projectiles deformed
and rebounded in every sample test without penetrating the samples. In the fractured samples,

all of the cracks appeared to be very narrow hairline cracks. As opposed to the wider cracks
from drop tower testing, the tighter cracks from FSP testing were more difficult to see and did
not stand out without the use of appropriate lighting and viewing angle. The majority of cracks
appeared to extend through the thickness of the samples to the edges of the ceramic. The number
of cracks also appeared to increase with impact energy.
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Figure 4. Relationship between impact velocity and initial energy during FSP testing.



A more detailed description of drop tower testing for samples F, G, H, and | (table 2), which
were selected for further NDE, is provided. Sample F underwent three FSP trials at three
different locations until the surface was visibly damaged. The first two tests on sample F
showed no indication of cracking, with an impact velocity of 157.89 m/s and impact energy of
13.71 J for shot 1 and an impact velocity of 192.02 m/s and impact energy of 20.28 J for shot 2.
For shot 3, the impact velocity was increased to 277.06 m/s and impact energy to 42.22 J, and the
result was visible hairline cracking from the point of FSP impact. Similarly, sample G
underwent three FSP trials at different locations. The velocities were chosen to determine a
specific threshold range. Again, the first two FSP tests on sample G showed no indication of
cracking, with an impact velocity of 253.90 m/s and impact energy of 35.46 J for shot 1 and an
impact velocity of 281.03 m/s and impact energy of 43.44 J for shot 2. While it was expected
that fracture should occur above 277.06 m/s based on the results from sample F, it was not until
the third shot with an impact velocity of 289.86 m/s and impact energy of 46.21 J that fracture
occurred. This indicated an impact velocity threshold range for the FSP tests rather than a
specific threshold value. The next two FSP tests for samples H and | were conducted at
significantly higher impact velocity and impact energy values of 523.04 m/s and 150.46 J for
sample H and 420.01 m/s and 97.03 J for sample I, respectively. As expected, both of these tests
resulted in fracture and hairline cracking in the alumina samples.

Digital surface images of samples F through I were acquired for visual inspection, as shown in
figure 5. Since the hairline cracks were difficult to see in the photographic reproductions, dotted
lines were drawn over the surface crack patterns. Impacts from the first two shots on samples F
and G showed marks where impact occurred but did not cause fracture. Impacts from the third
shot on sample F, the third shot on sample G, sample H, and sample | showed fracture origins
and resulting crack patterns.

5. Digital Radiography Imaging

5.1 Drop Tower Test Samples

X-ray DR was conducted on representative samples A through E, as shown in figure 6, for
damage assessment and comparison to visual inspection. The 2-D bulk imaging data collected
through the thickness of each sample showed crack patterns that were consistent with visual
inspection. Several additional features were also detected that were not picked up by visually
inspecting the sample surfaces. Darker features in the DR images corresponded to a higher
degree of x-ray attenuation and more pronounced damage. The largest cracks showed up as the
darkest features in contrast to lighter, undamaged regions.

The DR images for samples A and B, which were dropped from the lowest heights of 355.6 and
431.8 mm, respectively, and did not fracture, appeared to be homogeneous, with no distinct



25 mm

-
-
-
\ e
vV 7
-
PRURN
LANEAN
] \
1 \
! N
! \
1 \
[ \
\
\
\
\
\
\
.
]
]
1
]
1
1
1
1
sl -
[IPEIRN -==zZ
N -
/ N
/ \
/ Y
7 \
/ \
/ \
\
\
N

Figure 5. Digital imaging of FSP-tested samples for visual inspection.
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Figure 6. X-ray DR of drop-tower-tested samples for NDE.




features that could be readily detected. The point impact regions in which the indenter contacted
the alumina samples did not have a high enough x-ray attenuation to be resolved. Sample C,
which was dropped from 431.8 mm and did fracture, showed the six major cracks that originated
from the impact area and extended to the sample edges. Some of the cracks, such as the left
crack extending to the top surface and the right crack extending to the bottom surface, appeared
to be wider since they were imaged through the full thickness of the sample. The DR image of
sample D, which was dropped from 591.8 mm, showed eleven major cracks that extended from
the impact area to the edge of the sample. Two additional cracks with slight attenuation
differences, compared to the undamaged material, were also found, one extending from the
major crack in the bottom left corner, and another connecting two cracks in the upper left corner.
All of the cracks in the bottom half of the sample also appeared to be much darker than the
cracks in the upper half of the sample, suggesting that their crack widths were larger through the
sample volume. Sample E, which underwent the highest indenter drop height of 762 mm, also
showed 11 major cracks in the DR image. In addition, several other features exhibiting x-ray
attenuation were noted, including a circular feature in contact with one of the major cracks, a
small crack extending to the lower right corner of the sample, and an isolated edge crack near the
bottom right corner. While DR imaging was able to detect all of the major cracks that were
visible on the sample surface, only minor variations attributed to bulk specimen damage were
found.

For guantitative damage comparison, the percent area from darker regions of the DR images was
assessed to estimate the degree of damage in each of the five representative samples. The
calculated values were 0.00% for A, 0.00% for B, 14.06% for C, 14.22% for D, and 23.37% for
E, as shown in table 3. While no damage was found in samples A and B, the percent damage
values for samples C, D, and E increased with drop height, impact velocity, and impact energy.

Table 3. Selected drop tower test parameters and quantitative damage results.

Impact System
Sample| Drop Height Velocity Energy Fracture | DR Damage | UT Damage

(mm) (m/s) Q) (%) (%)
A 355.6 2.58 12.45 No 0.00 0.17
B 431.8 2.88 15.50 No 0.00 0.18
C 431.8 2.87 15.40 Yes 14.06 23.73
D 591.8 3.38 21.38 Yes 14.22 28.85
E 762.0 3.82 27.24 Yes 23.37 36.33

5.2 FSP Test Samples

DR was performed on samples F through I, as shown in figure 7, to compare the detected
damage to visual inspection. Again, the image data collected through each sample thickness
showed crack patterns and damage that was consistent with what was detected visually. Since
the hairline cracks could not be imaged well through visual inspection, the dotted line patterns
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Figure 7. X-ray DR of FSP-tested samples for NDE.

were used as a guideline for visual comparison. In the DR images, the dark features indicated
higher x-ray attenuation and represented the most prominent cracks. These damaged regions
were contrasted against the lighter background of the undamaged alumina regions. The darkest
cracks demonstrated the largest widths and the highest degrees of damage.

While surface cracks were detected using DR, the contrast of some of these hairline cracks was
not very high due to the narrow crack widths. Some of these hairline cracks were barely visible
in the DR images while others stood out clearly. For sample F, no indication of damage was
detected for the first two shots, but three surface cracks caused by the third shot were found.
While the cracks extending to the upper and left edges of the sample were prominent, the crack
extending to the right edge was much fainter in the DR image, despite optimization of the
contrast. For sample G, the impact locations for the first two FSP shots showed no sign of
damage. However, all five of the surface cracks detected from the third shot during visual
inspection were found in the DR image. For sample H, five of the seven hairline cracks
observed from visual inspection were detected. Two of the cracks extending through the point of
impact, one to the left edge of the sample, and the other to the upper right edge of the sample
could not be contrasted. The crack widths were too narrow to be detected by DR. However,
there were some features detected in the DR images that could not be found by visually
observing the surface of sample H. Upon close inspection, intricate crack patterns of multiple

11



cracks overlapping each other were found. Wider damage bands around the cracks were also
detected. For sample I, the five cracks that were found during visual inspection were also
detected in the DR image. The crack extending to the upper edge was very faint compared to the
other four cracks. However, there were also features in the DR image that were not found when
examining the sample visually, including a small crack that partially extended from the point of
impact and a crack near the point of impact connecting two of the major cracks. Overall, while a
few of the hairline cracks were not detected in the DR images, the image details for those that
were detected resulted in improved damage detection.

For quantitative damage comparison, the images were inverted and converted to grayscale, with
the dark regions representing areas in which damage occurred, as shown in figure 7. The values
for sample F were 0.00% for shot 1, 0.00% for shot 2, and 1.81% for shot 3. The values for
sample G were 0.00% for shot 1, 0.00% for shot 2, and 5.05% for shot 3. The values for samples
H and | were 6.13% and 7.15%, respectively, as shown in table 4.

Table 4. Selected drop tower test parameters and quantitative damage results.

Sample | Shot Impact Velocity System Energy Fracture DR Damage | UT Damage

(m/s) Q) (%) (%)
F 1 157.89 13.71 No 0.00 0.00
F 2 192.02 20.28 No 0.00 0.09
F 3 277.06 42.22 Yes 1.81 13.23
G 1 253.90 35.46 No 0.00 0.00
G 2 281.03 43.44 No 0.00 0.11
G 3 289.86 46.21 Yes 5.05 14.10
| 1 420.01 97.03 Yes 7.15 19.56
H 1 523.04 150.46 Yes 6.13 19.11

6. Ultrasound C-Scan Imaging

6.1 Drop Tower Test Samples

UT C-scan imaging was conducted on samples A through E for damage assessment and
comparison to visual inspection. Selecting the alumina bottom surface signal for amplitude
evaluation enabled bulk characterization of the tile without interference from the aluminum
backing plate. The color scale was set up in terms of attenuation, or signal loss, in decibels (dB),
with red representing the highest degree of signal loss, green representing a medium signal loss,
and blue representing the lowest degree of signal loss.

UT C-scan images are shown in figure 8. The image for sample A showed a circular region in
the center of the sample with a significant level of signal loss compared to the surrounding areas.
This region was at the point of impact and was considered to be the only source of damage to the
sample, as no cracking was detected. Material variations in the sintered alumina that were not a
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Figure 8. UT C-scan imaging of drop-tower-tested samples for NDE.

result of low-velocity impact were also detected by the longitudinal 15-MHz transducer. A
region along the left side of the sample with a higher level of attenuation indicated a slightly
lower density compared to the rest of the sample. The C-scan image for sample B also showed a
circular region in the center of the sample with significant signal loss. This region was slightly
larger in area and higher in attenuation as compared to the region in sample A. Other features
that were detected in the scan were three surface defects in the upper half of the sample and some
minor density variations in the upper right hand corner of the sample.

While there was no crack damage detected for samples A and B, UT C-scan images of samples
C, D, and E demonstrated significant impact damage and crack patterns. The regions with the
highest degree of attenuation were most evident for the largest cracks and at the point of impact.
Sample C, which was tested at a drop height of 431.8 mm, showed eight cracks that extended
from the impact region to the edge of the sample. Three additional cracks were also identified,
including one that originated from a major crack and extended to the upper edge, one that started
from the impact area and extended halfway toward the bottom left corner, and one that extended
straight down to the bottom edge. All of these cracks exhibited a lower degree of attenuation
compared to the eight main cracks. Regional material variations were also present, as the bottom
left corner showed lower signal loss than the rest of the sample. Sample D, which was tested at a
drop height of 591.8 mm, appeared to have an impact region similar in area to sample C but
showed more cracking throughout the sample. Fourteen cracks extended from the impact region
to the edge of the sample. Five cracks originated at the impact region without extending to the
edge. There were also four additional cracks that extended from the major cracks. Surface

13



damage and density variations not caused by impact were also detected in sample D. Sample E,
which was dropped from a height of 762.0 mm, had the largest impact area, which was roughly
twice as large as those in samples C and D. There were 12 cracks that extended from the impact
area to the sample edge, two cracks that originated from main cracks, and five that did not reach
the edge. Qualitatively, while the number of cracks did not directly correspond to the drop
height, the highest-velocity, highest-energy impact from 762.0 mm produced the largest impact
area.

For quantitative damage comparison, the images were inverted and converted to grayscale, with
the dark regions representing areas in which damage occurred, as shown in figure 9. The values
for the representative samples were 0.17% for A, 0.18% for B, 23.73% for C, 28.85% for D, and
36.33% for E, as shown in table 3. The degree of quantitative damage increased with drop
height for the five samples. As compared to the DR images, the damage percentages were higher
in the UT images due to additional damage detected in the bulk. The percent damage also
increased incrementally for the three fractured samples.

A

Figure 9. Grayscale drop tower C-scan imaging for quantitative damage assessment.
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6.2 FSP Test Samples

UT C-scan imaging was conducted on samples F through | to assess damage and compare to
visual inspection. Again, variations in the alumina bottom surface signal were used to evaluate
bulk sample damage. The same color scale was utilized to determine the degree of attenuation,
with red representing the highest degree of signal loss.

The C-scan images are shown in figure 10. For sample F, damage assessment was evaluated
individually for each of the three shots. The location of shot 1 at 157.89 m/s showed no increase
in attenuation at the point where the projectile contacted the sample. However, the impact
location for shot 2 at 192.02 m/s did show a small region with a higher degree of attenuation.
This point of impact from shot 2 was isolated from any other damage identified in the rest of the
sample and was not believed to have influenced the degree of damage caused by the third shot.
The C-scan image of shot 3 at 277.06 m/s showed significant damage, with four major cracks
extending from the point of impact. Three of these major cracks extended from the impact point
to the sample edge, and two smaller additional cracks originating from the major cracks were
also identified. One region in the bottom left corner with a higher degree of attenuation
indicated a lower density compared to the rest of the sample. For sample G, the damage
assessment was evaluated separately for each of the three shots. The location of impact for shot
1 showed no attenuation variation. It was expected that there should be some change since the
velocity of the FSP for this test was 253.90 m/s, but no damage was detected. The impact
location for shot 2 at 281.03 m/s showed a small area of isolated damage, with no sign of
cracking or additional damage extending from it. The impact location of shot 3 at 289.86 m/s
showed five major cracks extending from the origin, all of which propagated to the edge of the
alumina sample. Other detectable features were a small crack extending from one of the major
cracks and a highly attenuated region in the upper right corner that appeared to be a defect and
was unrelated to the FSP tests.

As opposed to samples F and G, which required three FSP tests each to create extensive damage,
samples H and | each produced significant cracking damage after one test. For sample I, which
was tested at a velocity of 420.01 m/s, the UT C-scan image showed a very large damage region
at the point of impact. From this region, six cracks were detected, all of which extended to the
sample edge. For sample H, which was tested at the highest FSP velocity of 523.04 m/s, the
C-scan image showed significant damage at the point of impact. While the extent of damage at
the point of impact was not as large as for sample I, there were more cracks that originated from
the impact location. Eight cracks, all of which extended to the sample edge, were detected in
sample H as opposed to six from sample 1. Of the four FSP tests that caused significant damage
to the alumina samples, UT C-scan imaging showed that the number of cracks originating from
the point of impact increased with the velocity and energy of the test. While sample F showed
four cracks at 277.06 m/s and 42.22 J, sample G showed five cracks at 289.86 m/s and 46.21 J,
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Figure 10. UT C-scan imaging of FSP-tested samples for NDE.

sample | showed six cracks at 420.01 m/s and 97.03 J, and sample H showed eight cracks at
523.04 m/s and 150.46 J.

For guantitative damage comparison, the images were inverted and converted to grayscale, with
the dark regions representing areas in which damage occurred, as shown in figure 11. The values
for sample F were 0.00% for shot 1, 0.09% for shot 2, and 13.23% for shot 3. The values for
sample G were 0.00% for shot 1, 0.11% for shot 2, and 14.10% for shot 3. The value for sample
H was 19.11% and 19.56% for sample I, as shown in table 4. The percent damage in the four
fractured samples increased before leveling off at the two highest velocities. UT C-scan imaging
proved to be an effective technique for characterizing and quantifying damage in the alumina
samples.

7. Comparison of NDE Methods and Visual Inspection

Comparison of visual inspection to UT and DR demonstrated the capabilities of NDE methods
for detecting internal bulk damage in the Al,O3; samples, as shown in figures 12-20. Both

techniques successfully identified the largest cracks, which added up to 6 for sample C, 11 for
sample D, 11 for sample E, 4 for sample F, 5 for sample G, 6 for sample I, and 8 for sample H.
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Figure 11. Grayscale FSP test C-scan imaging for quantitative damage assessment.

Figure 12. Comparison of visual inspection (left), DR (center), and UT (right) for sample A.
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Figure 13. Comparison of visual inspection (left), DR (center), and UT (right) for sample B.

Figure 14. Comparison of visual inspection (left), DR (center), and UT (right) for sample C.

Figure 15. Comparison of visual inspection (left), DR (center), and UT (right) for sample D.
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Figure 16. Comparison of visual inspection (left), DR (center), and UT (right) for sample E.

Figure 17. Comparison of visual inspection (left), DR (center), and UT (right) for sample F.

Figure 18. Comparison of visual inspection (left), DR (center), and UT (right) for sample G.
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Figure 20. Comparison of visual inspection (left), DR (center), and UT (right) for sample 1.

The DR images demonstrated the crack widths through the bulk of each sample, which often
appeared wider in the images than they did during visual inspection. The intricate overlapping
crack patterns in the samples were also identified much more clearly using DR as opposed to
simple visual inspection. For the FSP samples, this was even more crucial since the damage
identified on the surface was caused by hairline cracks, which were very difficult to detect.
Dotted lines were used to identify these hairline crack locations due to this limitation. Some
small cracks and flaws that could not be detected by visual inspection were also identified by the
DR method. However, it was not until a UT evaluation was conducted that the full extent of

bulk damage was uncovered.

In addition to detecting all the major cracks found by both visual inspection and DR, a large
degree of bulk damage was detected during C-scan imaging. This damage, while consistent with
the types of crack patterns on the surface, was not detected on the exterior of the samples. This
damage was believed to be the result of internal cracks that were present in the bulk of the
samples. The number of significant internal cracks found by C-scan imaging of the drop-tower-
tested samples was 5 in sample C, 12 in sample D, and 8 in sample E. The number of significant
internal cracks found by C-scan imaging of the FSP-tested samples was three for sample F, one
for sample G, one for sample H, and one for sample I. While the number of internal cracks was
higher for the drop-tower-tested samples than the FSP-tested samples, all of the internal cracks
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that were identified represented damage that would not have been accounted for if visual
inspection or DR testing were used alone. By identifying the extended bulk damage in the
samples, more accurate quantitative damage values were obtained. Besides the characterization
of internal damage in the samples, material variations were also detected. For samples A, B, and
F, minor impact damage was detected by C-scan imaging that was not found using the other
methods. In addition, minor density variations that were not detected through visual inspection
or DR imaging were found in every UT C-scan image. This was most evident in samples A and
B in which the DR images appeared completely homogeneous.

A full inspection of drop-tower-tested sample C, as shown in figure 14, will be detailed from
initial visual inspection through DR and UT C-scan imaging. The visual inspection of sample C
was straightforward since the exterior cracks were wide. The six cracks extending from the point
of impact were clearly evident. After DR was conducted, the resulting image was very similar to
the external snapshot acquired during the visual inspection. The large widths of the six cracks
were well within the detectable resolution limits of the technique and showed up very well in the
digital radiograph. There were also some details detected by DR that were not evident by
visually observing the sample exterior. While it appeared that there was a single wide region of
damage near the point of impact extending to the upper right corner of the sample, the digital
radiograph through the sample bulk indicated otherwise. In addition to a significantly large
damage region, the radiograph showed two individual cracks that originated from the point of
impact and combined to form a single crack before extending to the edge of the sample. This
detail signified the advantage of using DR to look through the sample for signs of damage that
were not apparent on the surface. After UT C-scan imaging was conducted, the resulting image
showed a much higher degree of damage through the sample due to a higher sensitivity
compared to DR. The damage region at the point of impact was much larger, extending farther
into the sample and overshadowing the crack detail that was found in the digital radiograph.
There were also four internal cracks, three of which extended to the edge of the sample, that
were detected in regions where there was no indication of damage in either the visual snapshot or
the digital radiograph. The crack extending to the bottom edge of the sample split into two
distinct cracks, one which propagated to the sample edge. These image details revealed damage
that would have otherwise gone undetected and showcased the comparative detection capabilities
of UT C-scan imaging over the other methods.

The detection differences between the two NDE techniques were due to the nature of inspection.
While the DR method detected bulk features based on x-ray attenuation, the UT method detected
bulk features based on acoustic impedance mismatch and acoustic signal attenuation. For the
DR images, the internal cracks that could not be detected had widths that were smaller than the
x-ray spatial resolution. These were hairline fractures or kissing cracks with narrow gap sizes
that were averaged out while collecting the x-ray data. On the other hand, the C-scan images
were very sensitive to acoustic impedance mismatch between the alumina tile and the immersion
medium. Due to this large mismatch, the bottom surface reflected signal amplitude from the

21



ceramic tile was reduced, resulting in a corresponding increase in attenuation. These variations
were identified by the 15-MHz longitudinal transducer during C-scan imaging of the samples.
This inherent detection characteristic proved to be the difference during detection of internal
damage. For this application, UT NDE was the better choice for full characterization and
quantification of bulk damage caused by fracture of the Al,O3 samples.

8. Comparison of Drop Tower Testing and FSP Testing

Several similarities and differences were found between drop tower test results conducted at low
velocity/high mass and the FSP testing results conducted at high velocity/low mass. The main
similarity was the presence of a threshold range below which the sample did not fracture and
above which the sample experienced fracture. Despite the use of the same set of test samples,
the conditions of each test method caused these threshold ranges to be drastically different. For
the drop-tower-tested samples, the threshold range fell between 15.33 and 15.66 J. For the FSP-
tested samples, the threshold range fell between 41.39 and 43.73 J. Quialitatively, the number of
surface cracks tended to be higher for the drop-tower-tested samples, with 8 for sample C, 11 for
sample D, and 11 for sample E, as opposed to three for sample F, five for sample G, seven for
sample H, and five for sample I. The number of internal cracks detected by UT C-scan imaging
was also higher for the drop-tower-tested samples, with 5 for sample C, 12 for sample D, and 8
for sample E, as opposed to three for sample F, one for sample G, one for sample H, and one for
sample I. For the FSP samples, the damage was concentrated around the point of impact rather
than spreading throughout the sample. For the drop-tower-tested samples, the damage appeared
to spread throughout the sample, as the average number of surface and internal cracks were
higher. Quantitatively, the percent damage in the UT C-scan images was higher for the drop-
tower-tested samples. While the damage percentage values were 23.73% for sample C, 28.85%
for sample D, and 36.33% for sample E, the values for FSP-tested samples were 13.23% for
sample F, 14.10% for sample G, 19.11% for sample H, and 19.56% for sample I. While the
drop-tower-tested samples experienced approximately the same incremental percent of damage
at higher drop heights, the FSP-tested-sample damage percentages started to level out at the
highest velocities. Comparison of both the destructive test methods of drop tower testing and
FSP testing and the nondestructive test methods of visual inspection, DR, and UT C-scan
imaging showed many important trends. Drop tower testing and UT C-scan imaging appeared to
be the most consistent way of identifying qualitative and quantitative damage in Al,O3 samples
for this study.
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9. Conclusions

A combination of quasi-static destructive testing methods for producing incremental damage and
nondestructive imaging methods for studying resulting fracture and damage in Al,O3 ceramic,
aluminum-backed samples was described. Drop tower and FSP testing were both effective for
creating damage in the samples. Both methods produced through thickness cracks that extended
to the edges of the samples and an increase in the number of cracks with impact energy. The
FSP impacts produced very tight hairline cracks while the indenter impacts produced relatively
separated and more jagged cracks, as well as cratered impact centers. There was a well-defined
transition range and separation between the behavior of nonfractured and fractured samples in
terms of the impact energy in both the FSP and drop tower tests. For drop tower testing, a
threshold region between 2.87 and 2.90 m/s was determined below which no fracture occurred
and above which fracture occurred. For FSP testing, a threshold region between 274.32 and
281.94 m/s was determined below which no fracture occurred and above which fracture
occurred.

After collecting digital images of the nine representative samples, nondestructive testing through
x-ray DR and UT C-scan imaging was performed. In addition to detecting all of the surface
cracks found by visual inspection, DR also detected minor cracking and damage. Quantitative
damage percentages for the seven fractured samples were found to be 14.06% for sample C (drop
height = 431.8 mm, impact velocity = 2.87 m/s, impact energy = 15.40 J), 14.22% for sample D
(drop height =591.8 mm, impact velocity = 3.38 m/s, impact energy = 21.38 J), 23.37% for
sample E (drop height = 762 mm, impact velocity = 3.82 m/s, impact energy = 27.24 J), 13.23%
for sample F (impact velocity = 277.06 m/s, impact energy = 42.22 J), 14.10% for sample G
(impact velocity = 289.86 m/s, impact energy = 46.21 J), 19.56% for sample | (impact velocity
=420.01 m/s, impact energy = 97.03 J), and 19.11% for sample H (impact velocity = 523.04
m/s, impact energy = 150.46 J).

UT C-scan imaging was a much more effective technique for nondestructively detecting internal
damage in the samples, finding a significant number of cracks that were not detected through
DR. The number of internal cracks detected was much higher for the drop-tower-tested samples,
with 5 for sample C, 12 for sample D, and 8 for sample E, as opposed to three for sample F, one
for sample G, one for sample H, and one for sample I. Additional surface damage and material
variations were also found through C-scan imaging. The additional bulk damage detected
through UT C-scan imaging increased the accuracy of quantitative damage evaluation.
Quantitative damage percentages for the fractured samples increased to 23.73% for sample C,
28.85% for sample D, and 36.33% for sample E. Based on these values, the approximate
percentage of internal damage detected by UT that could not be detected through DR was 9.67%
for sample C, 14.63% for sample D, and 13.29% for sample E. While this study was performed
to determine bulk damage characteristics for Al,O3, similar studies can be applied to evaluate
damage in other opague materials such as SiC and B4C or transparent materials such as spinel.
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